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Abstract Synthetic organic compounds are hallmark of
modern society. They are ubiquitous ranging from home,
workplace to agriculture industry, which leads to their non-
judicious dispensing into environment. Unfortunately most
of them, especially polychlorinated biphenyls (PCBs), are
deemed as persistent organic pollutants posing serious
health risks to human. Hence, there is an alarming need of
phasing out these chemicals and remediating contaminated
sites in eco-friendly manner. Phytoremediation has
emerged as a highly promising approach which capitalizes
on plants and their associated microorganisms for removal
of pollutants from targeted sites. Plant root exudations and
secondary metabolites efficiently orchestrate selective
recruitment of potential PCB-degrading microbial consor-
tia within the rhizosphere and inside plant tissues. Struc-
tural analogy between organic contaminants and secondary
plant metabolites (SPMEs) renders possible uptake and
subsequent degradation of pollutants by microorganisms.
Present review is focused on potential role of plant root
exudates and SPMEs in structuring and orchestrating
remediation of PCBs within rhizosphere and inside plant
tissues. Also, recent developments in tools and techniques
to study remediation of organic contaminants with special
reference to PCBs are addressed.
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Introduction

An increased anthropogenic activity due to industrial rev-
olution is considered to be one of the major reasons behind
indiscriminate dispensing of organic pollutants at massive
rates in the environment. The advent of modern chemical
industry has resulted in release of huge amounts of novel
synthetic organic compounds, as industrial by-products,
industrial solvents, pesticides, agrochemicals, pharmaceu-
ticals, petroleum compounds, dioxins and furans, explo-
sives, brominated flame retardants, polyaromatic
hydrocarbons (PAHs), polychlorinated biphenyls (PCBs),
etc. The Stockholm Convention on Persistent Organic
Pollutants (POPs), under the auspices of the United Nations
Environment Programme (UNEP), an international agree-
ment enforced in 2004 (Stockholm convention 2004),
enlisted twelve organic compounds as POPs. These twelve
POPs include PCBs, nine chlorinated organic pesticides
(aldrin, chlordane, dichlorodiphenyltrichloroethane (DDT),
dieldrin, endrin, mirex, heptachlor, hexachlorobenzene and
toxaphene), and dioxins and furans. PCB is a class of 209
chlorinated molecules called as congeners. Owing to their
high chemical and thermal stability, commercial mixtures
of PCBs were widely used in various industrial applications
such as lubricants, plasticizers, dielectric fluids, hydraulic
fluids in compressors and flame retardants (Borja et al.
2005). Although PCBs are no longer in use, but because of
their extreme toxicity and persistence, they are still found
as contaminants in the natural environments due to their
past usage and continued to pose potential threats to human
health. These compounds tend to resist biodegradation and
persist in environment by attaching strongly to soil sedi-
ments and matrices, bioaccumulate in organisms especially
at higher trophic level and finally enter food chains (Borja
et al. 2005). The presence of ‘artificial’ groups such as

w
’r @ Springer



790

Int. J. Environ. Sci. Technol. (2015) 12:789-802

chloro-, nitro- or sulfonate- in many synthetic chemicals
makes them resistant to decomposition as they are not
recognized by the degrading microbes. These compounds
are collectively known as recalcitrant compounds. Various
technologies and civil engineering methods such as exca-
vation, land filling, thermal alkaline dechlorination or
incineration (Campanella et al. 2002) appear to be expen-
sive from both economic and environment stand point.
Additionally, these methods may severely affect physical,
chemical and biological properties of soil, thus, limiting
their applications. These problems have interested
researchers to look for the development of inventive
remediation technologies for the cleanup of impacted sites
and are therefore of paramount importance. Phytoremedi-
ation has emerged out as a newer, cleaner and promising
approach which exploits plant and associated microorgan-
ism to remediate target site (Pulford and Watson 2003;
Pilon-Smits 2005; Anyasi and Atagana 2011; Chen et al.
2013). It is a solar-energy-driven system that requires
minimal site disturbance and maintenance, resulting in
low-cost and high public acceptance due to great aesthetic
value. Thus, last decade has gained tremendous momentum
in the field of phytoremediation, and this approach has now
entered into active field of development (Macek et al.
2000; Divya and Kumar 2011). Several plants including
pine tree, alfalfa, flatpea, willow, canarygrass, deertongue,
switchgrass, tall fescue, poplar, tobacco and mustard
among others have been tested for their efficiencies to
reduce PCBs in spiked soils (Ficko et al. 2010; Ionescu
et al. 2009; Meggo et al. 2013). Low bioavailability in soil
often results in limited utilization of PCBs by plants.
Individual limitations of both plant and microbes for effi-
cient removal of contaminants can be overcome by syn-
ergistic action of both plants and microbes. Microbe-
assisted phytoremediation (rhizoremediation) with both
native and introduced population (bioaugmentation) thus
appear effective for enhanced degradation of PCBs (Wasi
et al. 2013).

Plant metabolites fall in two main categories namely
primary metabolites and secondary metabolites (SPMEs).
Primary metabolites are involved in several essential phe-
nomenons as growth, development and nutrition. Some
examples of primary metabolites are, informational mole-
cules as DNA and RNA, some energy-rich molecules as
sucrose, starch, cellulose and pigments as chlorophyll.
Secondary metabolites are generally not required by plants
to survive but they have role in defense and protection
against herbivory. SPMEs broadly fall into three structural
categories, viz. terpenoids, phenolics, alkaloids, among
others. Since antiquity SPMEs act as driving force for
generating a vast spectrum of interactions among plant,
insect and microorganisms ranging from symbiotic to
antagonistic since antiquity. Moreover, SPMEs have
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significant roles in developing majority of degradative
enzymes in nature due to immense diversity in their
structures and analogy with typical organic contaminants.

Bacterial degradation of PCB

Microbial degradation of PCB is documented by several
authors (Borja et al. 2005; Furukawa and Fujihara 2008).
There are two major metabolic pathways: anaerobic
dechlorination and aerobic biodegradation for PCB degra-
dation. Often PCB congeners with four and higher chlorine
atoms are degraded by anaerobic reductive dechlorination;
it is an energy-yielding process in which PCBs act as
electron acceptor for oxidation of organic carbon. Chlorine
atoms are preferentially removed from the meta- and para-
positions on the biphenyl structure, leaving lesser-chlori-
nated ortho-substituted congeners.

PCB dechlorination is mostly attributed to complex
bacterial consortia. However, little is known about
enzymes and molecular bases of metabolic pathways used
in the process. Only a few bacterial species able to
dechlorinate PCBs in pure culture have been identified, and
their range of activity is limited to a few congeners.
Microorganisms that reductively dechlorinate PCBs are
widespread in contaminated sediments and involve species
related to Dehalococcoides. Lower-chlorinated PCB
congeners undergo co-metabolic aerobic oxidation medi-
ated by dioxygenases, resulting in ring opening and
potentially complete mineralization of the molecule.
Members of several genera as Pseudomonas, Burkholderia,
Comamonas, Rhodococcus, Achromobacter, Ochrobac-
trum, Stanotrophomonas and Bacillus are known to be
potential PCB degraders. Aerobic biodegradation mediated
by oxidative enzymes mainly depends upon the number
and placement of chlorine atoms per molecule. PCB
congeners with two to three chlorine atoms are easily
degraded, while higher numbers of chlorine atoms are
difficult to be degraded. Interestingly, Burkholderia xe-
novorans strain LB400, an extensively studied PCB
degrader, was reported to metabolize a hexachlorobiphenyl
congener (Field and Sierra-Alwarez 2008). Aerobic bio-
degradation of PCBs typically involves two clusters of
genes, the first one is responsible for transformation into
chlorobenzoates and chlorinated aliphatic acids (biphenyl
upper pathway) and the second one is for further miner-
alization of chlorobenzoates and aliphatic acids (biphenyl
lower pathway). The upper pathway, which is common in
all described aerobic PCB degraders, involves seven genes
grouped into one operon (biphenyl dioxygenase, bphA). A
multi-component dioxygenase (bphA) initiates hydroxyl-
ation of two adjacent biphenyl carbons to form an arene
cis-diol. In the second step, a cis-2, 3-dihydro-2,
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3-dihydroxybiphenyl dehydrogenase (bphB) further oxi-
dizes the biphenyl ring to produce a dihydroxychlorobi-
phenyl. In the third step, a second dioxygenase, 2,
3-dihydroxybiphenyl 1, 2-dioxygenase (bphC) opens the
ring in ortho-meta-position. The final step of the upper
pathway involves a hydrolase (bphD) that cleaves the
resulting molecule into chlorobenzoate and 2-hydroxy-
penta-2, 4-dienoate (Fig. 1) (Furukawa and Fujihara 2008).

Rhizosphere: hot spot for pollutants degradation

Rhizosphere encompasses millimeters of soil surrounding
plant root system (Hiltner 1904). It is the soil compartment
where bacterial population is greatly influenced by rhizo-
deposits and plant age. On an average, 10’-10° cfu (colony
forming units) of rhizobacteria per gram of dry soil is
found, approximately two- to threefolds higher when
compared to bulk non-vegetated soil. Diverse array of plant
root secretions (Flores et al. 1999) attract microorganisms
toward roots where they establish themselves as colonizers.
Hence, rhizosphere becomes hot spot for the complex
interactions, because it is an active interface between living
(microbes, insects, fungi, nematodes, etc.) and non-living
(heavy metals, pesticides, chlorinated solvents, chemical
signals, secondary plant metabolites, plant root exudates,
etc.) components. These components further interact in
intricate manner making this area more complex to
understand (Bais et al. 2004). Plant root involved in various
interactions in rhizosphere include root-root, root—insect
and root—microbe interactions.

Several authors have confirmed positive effects of root
exudates on increased microbial residency and activities in
rhizosphere (Bais et al. 2004; Ionescu et al. 2009; Segura
and Ramos 2012). These exudations are principal factors
through which roots may regulate/alter the soil microbial
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community in their immediate vicinity, cope with herbi-
vores, encourage beneficial symbioses, change the chemi-
cal and physical properties of the soil and inhibit growth of
competing plant species (Nardi et al. 2000; Uhlik et al.
2012). Also, exudates direct some changes in transcrip-
tional pattern of catabolic pathways in bacteria directing
efficient utilization of pollutants. These exudates encom-
pass nearly 5-21 % of all photosynthetically fixed carbon
being transferred to the rhizosphere (Marschner 1995;
Dennis et al. 2010). Soil microbes use these compounds as
carbon and energy source (Leigh et al. 2002; Singer et al.
2004), thus supporting a diversity of microbial populations
in the rhizosphere. Microbial consortia present in rhizo-
sphere provide several benefits to plants including decrease
in plant stress hormone level, chelation of key nutrient such
as iron, protection against phytopathogen by secreting
antibiotics and other bioactive compounds and degradation
of contaminants (Glick 1995; Macek et al. 2000; Chaudhry
et al. 2005; Liu et al. 2004). Variety of biochemical pro-
cesses occurring in such a limited space of rhizosphere
make it highly vulnerable to be manipulated to produce
desired results, as improvement in crop production and
active site for bioremediation takes shape.
Rhizoremediation is a microbe-assisted remediation
approach, where root exudates and other plant-originated
chemicals induce shifts in bacterial community and stim-
ulate microbial populations to degrade organic pollutants
(Glick 2003; Singer et al. 2004; Chaudhry et al. 2005).
Successful rhizoremediation depends upon the extent of
root colonization by degrading bacteria (Megharaj et al.
2011; Afzal et al. 2012; Masciandaro et al. 2013). Effective
root colonization is attained by multitude of bacterial traits
including chemotaxis, production of thiamine and biotin,
synthesis of the O-antigen of lipopolysaccharide, amino
acid synthesis and an efflux pump induced by isoflavonoids
and motility (Capdevila et al. 2004; Compant et al. 2010).
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These microbial associations play a central role in
stepwise transformation of organic contaminants in the
rhizosphere and within plants, and provide a milieu that
supports genetic exchange and gene rearrangements.
Contaminant-degrading bacteria can be isolated virtually
from every gram of soil (Singer et al. 2004) with higher
densities and activities in rhizosphere. Pollutant-degrading
enzymes can also be found in plants, fungi, endophytic
bacteria and root-colonizing bacteria, viz. peroxidases,
dioxygenases, P450 mono-oxygenases, laccases, phospha-
tases, dehalogenases, nitrilases and nitroreductases (Susarla
et al. 2002; Liu et al. 2004).

It is realized since ages that microorganisms have never
remained in isolation; it is the continued influence of root
exudates, cell debris and plants secondary metabolites
(SPME’s) (Bais et al. 2004) that guides microbes (Challis
and Hopwood 2003) to communicate and establish diverse
relationship with one another. In some cases, production of
root exudates may help improve PCB availability for
degradation (Macek et al. 2000; White et al. 2006). Several
investigators have already shown that specific plants may
selectively foster PCB-degrading bacteria (Ryslava et al.
2003; Villacieros et al. 2003) (Table 1). Ionescu et al. 2009
screened four plants as Medicago sativa, Nicotiana toba-
cum, Salix caprea, Armoracia rusticana and Solanum
nigrum to study the differential effect of plant species on
microbial community. Authors have found that S. caprea
and A. rusticana promoted the growth of potential PCB
degraders better than N. tabacum and S. nigrum. In order to
diagnose correlation between microbial count and PCB
degradation, authors analyzed PCB content in soil both at
the beginning and the end, i.e., after 6 months of plant
cultivation of the experiment. They found that decline in
PCB content in vegetated soil positively correlated with the
numbers of culturable PCB degraders identified in the
rhizosphere of individual plants; S. caprea and A. rusticana
vegetated soil-mediated higher removal in PCB concen-
tration, and this was further reflected in higher microbial
counts when assessed for the increase in microbial activity.
The rhizosphere of both species contained significantly
higher number of PCB degraders. Characterization of
bacterial isolates revealed a pronounced correlation
between the plant species and bacterial genera recovered
from rhizosphere of that plant, implying host specificity
toward particular microbial population. For instance, S.
nigrum promoted growth of Pseudomonas mendocina and
Pseudomonas fluorescens. Sphingobacterium mizutae and
Burkholderia cepacia were the possible PCB degraders
found in the PCB soil vegetated by S. caprea, while
Ochrobactrum anthropi and Agrobacterium radiobacter
were found in other vegetated PCB soil samples and con-
trol. Also, isolates recovered from rhizosphere of S. caprea
and A. rusticana exhibited broader range of PCB co-
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Table 1 Some selective Plant-microbe combination exploited in
PCB degradation

Plant used Microbes used Origin Reference
Medicago Pseudomonas Rhizosphere Tang et al.
sativa Rhodococcus (2010a)
Rhizobium
Nicotiana Achromobacter sp. Rhizosphere Ionescu et al.
tobacum (2009)
Salix caprea Sphingobacterium  Rhizosphere Ionescu et al.
mizutae (2009)
Burkholderia
cepacia
Armoracia Bacillus pumilus Rhizosphere Ionescu et al.
rusticana (2009)
Solanum Pseudomonas Rhizosphere Ionescu et al.
nigrum mendocina (2009)
Pseudomonas
fluorescens
Populus Burkholderia Endophytic  Taghavi et al.
cepacia (2005)
Triticum spp. Herbaspirillum sp. Endophytic
K1
Pinus nigra Microbacterium Rhizosphere Siciliano and
oxydans type Germaida
strain (1998)
Salix caprea Achromobacter sp. Rhizosphere Leigh et al.
(2006)
Fraximus Rhodococcus Rhizosphere Schell (1985)
excelsior erythreus type root zone
strain
Betula pendula  Rhodococcus Rhizosphere  Schell (1985)
erythreus type root zone
strain
Robinia Rhodococcus, Rhizosphere  Schell (1985)
pseudoacacia  Arthrobacter oot zone
oxidans,

metabolism. This suggests that certain plant species are
associated with high population sizes of PCB-metabolizing
bacteria in root zone with broad congener specificities. In
this study, A. rusticana and S. caprea were found to be
good candidates for rhizoremediation of PCB-contami-
nated soil. Further, authors concluded that plants play an
important role in direct and indirect removal of POPs. They
accumulate and transform xenobiotics including PCBs
(Rezek et al. 2007, 2008; Macci et al. 2012) and play an
important role in providing nutrients and increase the
bioavailability of pollutants for rhizospheric microorgan-
isms or in soil close to the roots of plants. This corroborates
the fact that plant species act differentially on microbial
communities and certain plants significantly support deg-
radation abilities of bacteria (Leigh et al. 2006). Alfalfa
plantation treatment significantly lowers concentration of
total extractable PCBs from soil (Chekol et al. 2004; Tu
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et al. 2011a, b). Authors have shown that there exists a
significant effect of plant origin on degradation capacity of
root zone bacteria. In second year, PCB degradation was
much higher than first year in both treatment and control.
Planting alfalfa significantly accelerates PCB biodegrada-
tion as 31.4 and 78.4 % of the initial PCBs were removed
from planted treatments from the first and the second years,
respectively, while only 12.3 and 31.4 % was removed in
the unplanted control (Tu et al. 2011a, b). This increased
degradation capability was due to increased microbial
activities which was reflected in increased soil enzyme
activities (dehydrogenase and FDA esterase). Since both
enzymes exist in all microorganisms, they are known to
give a measure of total viable microbial activities or act as
bioindicators. Significantly, higher activity of both soil
dehydrogenase and esterase was recorded in the treatment
when compared to control. It was suggested that plants
accelerate bioremediation by releasing secondary com-
pounds including simple sugars, amino acids, flavonoids
and aromatics that stimulate the growth of specific micro-
bial communities in the soil (Macek et al. 2000) or possibly
induce enzyme systems of the existing bacterial popula-
tions (Dudasova et al. 2012). Arabidopsis thaliana is
known to contain flavanone as major component of root
exudates that acts as biphenyl catabolic pathway inducer in
a Rhodococcus erythropolis. Since structure of PCBs is
analogues to flavonoids and coumarins, it is suggested that
microbial populations residing in immediate vicinity of
alfalfa plant root may be actively engaged in PCB degra-
dation while utilizing these secreted compounds as carbon
source.

Singer et al. (2003) studied the interactive effects of
different treatments on the degradation of Aroclor 1242 in
soil, including bioaugmentation with PCB-degrading bac-
teria, biostimulation with carvone, salicylic acid as induc-
ers and sorbitan and trioleate as surfactants, and vegetation
with Brassica nigra. These studies suggest that the
increased depletion of the higher chlorinated PCB in the
treated plants may be due to the specific deposition of
aromatic-rich lignin and humic substances from plants.
Table 1 gives the comprehensive data indicating various
plant—microbe partnerships being exploited by various
researchers to achieve PCB degradation.

Tu et al. (2011a, b) carried out experiments to study the
potential role of PCB biodegradation by Sinorhizobium
meliloti strain ATCC17519 in liquid cultures and soil
microcosms. Authors found that S. meliloti could take 2, 4,
4-TCB (PCB 28) as a sole carbon and energy source,
without using biphenyl as the co-metabolic substrate. S.
meliloti can transform more than 70 % of 2, 4, 4-TCB, a
highly efficient rhizobial strain (Damaj and Ahmad 1996).
Further, S. meliloti could significantly enhance the deple-
tion of all the twenty-one PCB congeners, especially to less

chlorinated biphenyls. Other studies confirmed that inoc-
ulating alfalfa plants with R. meliloti further enhanced PCB
removal from the rhizosphere soil, but microbial consortia
working in tandem in the rhizosphere appear to be effective
degraders (Macek et al. 2000; Kuiper et al. 2004; Chaudhry
et al. 2005).

There is a vast battery of processes by which vegetation
stimulates microbial activities which in turn enhance bio-
degradation of organic pollutants. The following tenets
highlight comprehensive view on the degradative processes
Van Aken et al. (2010):

1. Organic compounds released by roots such as sugar,
amino acids, and organic acids can act as electron
donors to support aerobic co-metabolism or anaerobic
dehalogenation of chlorinated compounds. In some
instances, microbial aerobic metabolism will consume
oxygen, resulting in anaerobic conditions favorable for
dehalogenation of higher PCB (Chaudhry et al. 2005).

2. Certain extracellular enzymes and inducers secreted by
plants stimulate transformation of PCBs (Fletcher and
Hegde 1995).

3. Plant roots and root hair increase soil permeability and
oxygen diffusion in the rhizosphere, which potentially
enhances microbial oxidative transformation by oxy-
genases, key enzyme in degradation of biphenyl
compounds (Chaudhry et al. 2005).

4. Microbes usually experience difficulties in availing
PCBs, being hydrophobic. Plant roots release organic
acids and molecules that can act as surfactants; they
help in mobilization PCBs, rendering them more
susceptible to be absorbed inside plant tissues (Cam-
panella et al. 2002).

Rhizoengineering

Plants have an active say in recruiting or exhibiting pref-
erences toward a specialized group of population to colo-
nize its rhizosphere. This microbial community is often
referred as second genome of plant (Berendsen et al. 2012).
Robust structural and functional diversities of plant root
exudates and SPME’s is an eternal source to interdisci-
plinary researcher to explore the dynamic microcosm of the
rhizosphere. Hence, it has been pronounced as an ideal site
to modify microbial populations to suite various applica-
tions in the soil. The manipulation of plant root secretions
and associated microbes to improve plant health and pro-
ductivity is termed as rhizoengineering (O’Connell et al.
1996). Rhizoengineering exploits the strategies based on
favouring the growth of the targeted microbes that possess
the ability to metabolize exotic nutrients exuded by plants
(Lugtenberg et al. 2001). A nutritional bias or favoritism is
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created, and population of bacteria can be further enriched
which can preferentially utilize the given nutrients. Savka
and Farrand (1997) were among the early reporter to
achieve success in rhizoengineering based on favorably
partitioning the exotic nutrient, opines, which were pro-
duced by the transgenic plants leading to improved and
competitive growth of the metabolizing strains in com-
parison with the microbes unable to metabolize opines
(opine concept). This strategy provides selective nutritional
advantage to Agrobacterium and other selective bacteria
considering genetic exchanges (Horizontal gene transfer).
In yet another approach, various species of Pseudomonas
selectively using salicylate as carbon source (Colbert et al.
1993) and detergents (Igepal Co-720 and dioctyl sulfo-
succinate) from maize rhizosphere had been isolated.
Flavanoids, most studied as chemicals involved in molec-
ular cross-talk between plant roots and specific microor-
ganisms, are known to induce transcription of nodulation
genes in nitrogen-fixing rhizobia (Brencic and Winans
2005). Rhizobium sp. and Bradyrhizobium sp. transformed
the flavonoids quercetin, daidzein and genistein through
novel biochemical pathways in contrast to modes of
degradation favored by other rhizobacteria (Toussaint
et al. 2012). Flavanoids, naringenin and apigenin have
been shown to support growth of PCB degradation by
bacteria that are competent with respect to degradation
of PCBs (Fletcher and Hegde 1995).Without a doubt,
plant production of substrates that cause nutritional bias
on the one hand and enzyme induction for the biodeg-
radation of xenobiotic compounds on the other, offer
intriguing and very attractive opportunities for rhizo-
sphere manipulations (rhizoengineering) for enhancing
rhizodegradation of xenobiotic contaminants beyond the
inherent capabilities of the plant-microbe system. Fur-
ther research may be directed to profiling of root exu-
dates to identify compounds that may be used to create
nutritional bias for enhancing rhizodegradation of per-
sistent xenobiotic contaminants such as PCB (Narasimhan
et al. 2003).

Structural analogy and organic contaminant
degradation

The synergistic and antagonistic relationships between
plants, microorganisms and insects (P-M-I) are responsible
for the diversity of secondary plant metabolites. This P-M-1
tritrophic interaction serves as one of the main driving
forces of pollutant-degrading enzyme evolution (Singer
et al. 2003, 2004).

How or why do microbes biodegrade synthetic recal-
citrant compounds when these compounds are treated as
fortuitous substrates by microbes? Perhaps, the continued

’r @ Springer

exposure of pollutant analogues, albeit naturally created
as dioxins (Meharg and Killham 2003), biphenyls (Liu
et al. 2004) and volatile organic compounds, has helped
microorganisms to develop pollutant-degrading abilities
(Singer et al. 2003). It is hypothesized that most organic
pollutants, although synthesized chemically, never
appeared as aliens to microorganism since they bear
tremendous structural analogy with plant-derived chemi-
cals, hence stimulating microorganisms to degrade pol-
lutants (Donnelly et al. 1994; Fletcher and Hegde 1995).
Donnelly et al. (1994) were among the first investigators
to study the link between plant-derived chemicals and
pollutant remediation. The authors demonstrated that a
range of flavanoids could support the growth of PCB-
degrading microorganisms. Ralstonia eutrophus strain
H850, B. cepacia LB400 and Corynebacterium sp. MBI
were studied in detail for congener depletion assay
(Bedard et al. 1986), and it was found that naringin was
proved to be the best growth substrate for H850 and
supported its greatest metabolic activity on PCBs. My-
ricetin induced the greatest PCB degradation by LB400,
which catabolized sixteen of the nineteen congeners
tested. Strain MB1 degraded thirteen PCB congeners in
the presence of coumarin in excess of the biphenyl
controls. Another development was provided by Focht
(1995) who suggested that plant terpenes, rather than
biphenyl, may be the natural substrates for PCB catab-
olizing enzymes. Hernandez et al. (1997) further dem-
onstrated that soils enriched with orange peel, ivy leaves,
pine needles or eucalyptus leaves resulted in 10° times
more biphenyl (unchlorinated PCB) utilizers (10® gfl)
than their unsupplemented control (10° g='), which
suggested that terpenes might be natural substrates for
biphenyl-utilizing bacteria (Hernandez et al. 1997). These
authors showed that bacteria-utilizing cymene and limo-
nene as sole carbon source transformed Aroclor 1242
(20-80 %) and (43-80 %), respectively, as compared to
glucose utilizing bacteria. They postulated that slow-
growing microorganisms (oligotrophs), relying on low
concentrations and slowly delivered secondary plant
metabolites, might be more effective in degrading PCBs.
Gilbert and Crowley (1998) screened large number of
plant (spearmint, pennyroyal, basil, barley, green bean,
dill, avocado litter and garden compost) for the stimu-
lation and degradation of 4-4’-dichlorobiphenyl by a
known PCB-degrading bacterium, Arthrobacter sp., strain
B1B. Analysis showed that carvone, a principal compo-
nent of spearmint extract resulted in catabolic induction.
Other terpenes as: p-cymene, isoprene, (S)-(4)-carvone,
(R)-(—)-carvone, (S)-(—)-limonene, (R)-(+4)-limonene,
carvacrol, cumene, trans-cinnamic acid and thymol with
structure similar to carvone were tested to induce PCB
degradation(50 mg 17"), and it was found that all except
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Table 2 List of some important compounds acting as co-metabolite/
inducers used by microorganisms in PCB degradation

Co-metabolite
used

Microorganism studied

Reference

Lignin Rhodococcus erythroplis Maeda et al. (1995)
TA 421
Naringin Ralstonia eutrophus H850  Donnelly et al.
(1994)
Myricetin Burkholderia Cepacia Donnelly et al.
LB400 (1994)
Coumarin Corynebacterium sp. MB1 ~ Donnelly et al.
(1994)
Biphenyl Alcaligenes eutrophus H850  Fletcher and Hedge
Pseudomonas (1995)
putida LB400
Rhodococcus globenrlus P6
Terpenoids Arthrobacter sp. strain B1B  Gilbert and

Crowley (1997)

Carvone and Pseudomonas stutzeri Tandlich et al.

Limonene (2001)
Carvone Ralstonia eutrophus H850 Park et al. (1999)
Limonene Rhodococcus sp. Strain Kim et al. (2003)
Cymene T104
Pinene
Abietic acid
p-cymene Pseudomonas Oh et al. (2003)

Alpha-terpinene pseudoalcaligenes KF707

cumene, frans-cinnamic acid and thymol enhanced 4,4'-
dichlorobiphenyl metabolism, while p-cymene and iso-
prene accelerated catabolism in comparison with biphe-
nyl (P < 0.05).

Isoprene, a non-aromatic compound lacking ring
structure, was found to be one of the most effective
inducer of PCB degradation. It was proposed that the
relatively high antimicrobial activities of terpenes might
induce a P450-like detoxification and fortuitous degra-
dation of the PCBs. Cytochrome P450 enzymes are a
large family of enzymes that have been shown to oxidize
terpenes, such as camphor (P450 cam), as well as pol-
lutants, such as polycyclic aromatic hydrocarbons (PAHs;
e.g., naphthalene and pyrene, chlorinated phenols, and
biphenyls. p-Cymene is widely studied SPME in pollu-
tant-degrading experiments. Some authors argue that
similarities in the amino acid sequence of enzymes cat-
alyzing reactions in the p-cymene/cumate pathway and
aromatic catabolic pathways are responsible for such
activity. Its efficacy might also lie in (1) its structural
similarity to several pollutants (e.g., toluene, Xxylene,
ethylbenzene, biphenyl and chlorobenzene) and (2) a
common evolutionary origin of the genes encoding the
catabolic pathways (Eaton 1997).

Co-metabolite, inducer and surfactants: key
to successful PCB degradation

PCB-degrading bacteria usually require biphenyl as co-
metabolite, i.e., degradation of PCBs during growth on
another substrate. PCBs transforming bacterial strains uti-
lize the same sets of enzymes employed in the catabolism
of biphenyl (Ahmed and Focht 1973). Biphenyl is often
utilized as carbon source as well as an inducer of the
necessary enzymes. Although biphenyl has been shown to
be the best promoter of PCB degradation, its use in
remediation is hindered by its own toxicity and low solu-
bility (Luo et al. 2007).This problem can be solved by the
use of several natural compounds, including terpenes,
carvone, coumarin, etc., which have been shown to sig-
nificantly induce PCB co-metabolism (Gilbert and Crowley
1998; Singer et al. 2000) (Table 2). The use of surfactants,
which could increase the mass transfer and bioavailability
of hydrophobic PCBs to microorganisms, has also been
proposed for accelerated PCB degradation (Fava et al.
2003). Kang et al. (2010) successfully used microbial
surfactant, sophorolipid for bioremediation of model
hydrocarbons and crude oil in soil (Kang et al. 2010).
These surfactants are known to increase desorption,
apparent aqueous solubility and microbial bioavailability
of hydrophobic organic carbons (HOCs).

Endophyte-assisted remediation: an edge
over rhizosphere

Last decade has witnessed extensive and intensive research
in the field of endophyte-mediated phytoremediation (Doty
2008). Endophytic bacteria colonize interior of plants and
do not affect host plant adversely (Sessitsch et al. 2002).
Endophytic bacteria are known to benefit plant through one
or more properties such as nitrogen fixation, phytohormone
production, inhibition of stress ethylene, induced systemic
response and antagonistic activity (Parmeela and Johri
2004). Endophytes have edge over rhizospheric bacteria in
terms of aiding phytoremediation as rhizospheric popula-
tion is difficult to control, and competition between
microbes often reduces the number of desired strains unless
metabolism of pollutant is selective. Endophytes, in con-
trast, live in the internal tissues of the plant, and their
populations seem to be selected or controlled by the plant.
Therefore, the use of endophytes that naturally inhabit the
plant would reduce the problem of competition. van Aken
et al. (2004) have reported methyloptrophic bacteria from
poplar tree (populus deltoids x populous nigra) that were
capable of degrading the explosives trinitrotoluene (TNT),
hexahydrotrinitrotriazine (RDX) and High Melting
eXplosives (HMX); within 2 months, 60 % of RDX and
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HMX were mineralized to carbon dioxide. Volatile organic
compounds (VOC’s) toluene and naphthalene are also
reported to be degraded by endophytes isolated from
hybrid poplar trees, (P. trichocarpa x P. deltoides cv.
Hazendens and Hoogvorst) growing on a BTEX (benzene,
toluene, ethylbenzene and xylene)-contaminated site in
Belgium (Germaine et al. 2009). Out of 121 endophytic
strains isolated from hybrid poplar trees, 34 were able to
enhance phytoremediation. Germaine et al. (2006) suc-
cessfully demonstrated the usefulness of bacterial endo-
phytes Pseudomonas putida VM 1450 in phytoremediation
of 2, 4-dichlorophenoxyacetic acid. After inoculation of
bacteria into pea and exposing plants to various levels of
2,4-D, it was found that plants showed higher potential of
2, 4-D removal from soil and sub-sequentially bearing no
sign of 2, 4-D accumulation in aerial parts at any level of
applied 2,4-D. While non-inoculated plants showed accu-
mulation of 2,4-D corresponding to the increased levels of
applied 2,4-D and accounted for 24-35 % of the total 2,4-
D applied to the pots. P. putida VM1450 emerged as an
efficient colonizer as well, and population sizes in the
rhizosphere increased from an order of 10° with no selec-
tive pressure to between 10 and 107 when 13-54 mg of
2,4-D was added. The results showed that the presence of
selective pressure, i.e., the introduction of 2, 4-D, had a
positive effect on P. putida VM 1450 populations within the
rhizosphere, root and aerial tissues. This selective pressure
effect was also reported by Jacobsen (1997) in a similar
experiment where the author inoculated barley seeds with a
Burkholderia strain, which possessed 2, 4-D degradation
capability; this strain showed weak rhizosphere coloniza-
tion ability in the absence of selective pressure, but when
exposed to 10 or 100 mg kg~' 2, 4-D, the population grew
to 10’ cm ™' root.

Above-mentioned reports corroborate effect of selection
pressure in recruiting desirable bacterial populations to
efficient remediation of organic pollutants. Siciliano et al.
(2001) elaborated that in response to routine exposure of
plants to allelopathic compounds analogous to organic
contaminants (Donnelly et al. 1994), there may be a plant
response that stimulates microbial defense against a soil
toxicant or toxin (Walton et al. 1994). The enrichment of
catabolic genotypes in the root interior occurs in different
plants in a variety of environments and in response to
different contaminants. Hence, plants may be endowed
with the ability to recruit bacteria that contain genotypes
specific for toxic degradation into the rhizosphere and root
interior, and this selection should be contaminant specific.

Endophytic microorganisms certainly have upper hand
to improve xenobiotic remediation (Newman and Reynolds
2005) as genetic manipulation of degradation pathway in
bacteria is easier than plants. In addition, monitoring the
efficiency of remediation process can be done by
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quantitative gene expression of pollutant catabolic genes
within the endophytic populations. Also larger population
sizes can be easily reached in the absence of competition
for substrate utilization. Most importantly, although plants
often metabolize or sequester organics, they have a limited
spectrum of organic compounds to be utilized as substrate.
Also, with many substrates incomplete degradation results
in accumulation of toxic compounds, this in turn may be
detrimental to its sensitive organelles. Hence, they rely on
associated microorganisms for an efficient degradation of
organic compounds. Endophytes residing in immediate
vicinity of these intermediate compounds can completely
degrade toxic metabolites, which may be harmful to sev-
eral organelles of plants, thereby eliminating the amount of
toxic volatile compounds to be dispensed by plants through
evapotranspiration.

Remediation with genetically modified Endophytes
and plants

Last decade has witnessed global increase in research
dedicated to improve abilities of plants and microbes to
remove organic pollutants (Abhilash et al. 2009; James and
Strand 2009). Several plant species have an inherent ability
to metabolize a variety of environmental pollutants
including insecticides, pesticides, herbicides, etc.

Genes from plants, microbes and animals have been
used to enhance ability of plants to either remove or
degrade contaminant. Both microbes and mammals are
heterotrophic and possess several catabolic genes which
can be used to complement the metabolic efficiencies of
plants, e.g., mammalian genes encoding cytochrome P450s
can lead to removal of pollutants and herbicides in tobacco.
Unfortunately, plant cytochrome P450-mediated metabo-
lism of PCBs results in toxic epoxides and trans-diol
metabolites which cannot be further degraded, but bacterial
biphenyl dioxygenase produces cis-diol intermediates
which can be further mineralized completely (Sylvestre
et al. 2009). French et al. (1999) succeed to introduce
pentaerythritol tetranitrate (PETN) reductase gene into
transgenic tobacco which resulted in increased tolerance to
trinitroglycerin and TNT (French et al. 1999). Plant-asso-
ciated endophytic bacteria can be genetically engineered to
degrade toxic organic compounds to offer more potential
than rhizospheric bacteria for reducing phytotoxicity
(Barak et al. 2004). Endophytic bacteria can be isolated
from host plants of interest (e.g., plants native to a geo-
graphical region) and genetically manipulated to contain
degradation pathways or genes to degrade target contami-
nants before being reinoculated back into the host plant for
bioremediation purposes. Germaine et al. (2009) con-
structed a naphthalene-degrading endophytic strain P.
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putida VM1441 (pNAH?7), colonizing efficiently both
within the rhizosphere and interior root tissues. P. putida
VM1441 (pNAH?7) inoculation into plant resulted in higher
rates of seed germination, plant transpiration and protection
of the host plant from phytotoxic effects of naphthalene.
Further, higher naphthalene degradation rates (40 %) were
achieved when compared with uninoculated plants in arti-
ficially spiked soil. In yet another ground-breaking study,
Barac et al. introduced pTOM, a toluene-degrading plas-
mid into B. cepacia L..S.2.4, a natural endophyte of yellow
lupine plant from B. cepacia G4. After successful inocu-
lation of engineered strain into yellow lupine seed (surface
sterile), it efficiently degraded toluene with marked
decrease in phytotoxicity and 50-70 % decrease in
evapotranspiration through leaves. As an extension to this
study, Taghavi et al. (2005) showed that horizontal gene
transfer of pTOM to a number of endophytes in planta was
possible, promoting more efficient degradation of toluene
in poplar plants. Horizontal gene transfer (HGT) in planta
is likely to be widespread, as studies in pea with Pseudo-
monas endophytes harboring the plasmids Pwwo and
pNAH?7 also showed high rates of transfer into a range of
autochthonous endophytes (Ryan et al. 2007). Phytoreme-
diation of herbicides has been enhanced by using trans-
genic plants expressing GST (Karavangeli et al. 2005) or
cytochrome P450 genes (Kawahigashi et al. 2006).
However, despite several successful attempts to achieve
enhanced remediation rates with engineered plants and
microbes, this technology is still in its infancy and declined
public acceptance. The reports at field-level applications
(testing) of transgenic plants are scarce. Major obstacle is
biosafety concern, because the effects of genetically
modified organisms (GMOs) are still not fully understood.
It is thought that they may alter structure of indigenous
microbial community. Soil microorganisms play significant
roles in several organic and inorganic matters, and alter-
ation in structure and functionality of such organisms may
pose adverse effects on ecology and productivity. Several
studies report that microbial communities are severely
affected by engineered plants in soil (Bruce et al. 2007,
LeBlanc et al. 2007; Lee et al. 2011) while others advocate
that either the detrimental effects posed are too minor or
they are statistically non-significant (Schmalenberger and
Tebbe 2002; Dunfield and Germida 2003; Kapur et al.
2010). Most of these studies are based on non-sequencing-
based methods as community-level physiological profiles
(CLPPs), fatty acid methyl esters (FAME), denaturation
gradient gel electrophoresis (DGGE) and terminal restric-
tion length polymorphism (T-RFLP) analysis. However,
these methods have limited resolution capabilities to detect
minor changes in community structure as only a small
portion of genetic material is probed. Thus, a thorough and
well-planned study utilizing next-generation sequencing

(NGS) technology is required in order to have a complete
idea of microbial communities dwelling with GM (genet-
ically modified) plants. Another major concern is loss in
species diversity of soil microorganisms resulting in loss of
some important processes occurring naturally in soil.
Outbreak of new diseases and occurrence of unexpected
results are also some of the challenges faced by scientists
till date. However, it is realized that both the risks and
benefits cannot be generalized. It depends on crop to crop
and very much on temporal and spatial events Wolenbarger
and Phifer (2000).

Recent tools and techniques to study organic
contaminant degradation

Rhizosphere is a continually evolving system offering
multifacets of exciting fronts to researchers. Advancements
of highly sophisticated techniques in molecular biology
have brought a new dawn to study organic pollutants
degradation under in situ conditions. With the advent of
techniques bypassing need of culturing bacteria under
laboratory conditions (Spring et al. 1992), ground-breaking
results were achieved. Not only community dynamics but
functional community dynamics of both culturable and
culture independent bacteria using DNA-based stable iso-
tope probing (DNA-SIP) technique can be diagnosed. This
approach utilizes specific consumption of a given substrate
carrying a '°C signature and can be associated with the
small subunit ribosomal RNA molecules of the microbes
that consume it (Whiteley et al. 2007).

In this technique, DNA is used as the labeled biomarker
(DNA-SIP), subsequently coupled with harnessing the
superior phylogenetic resolution of the small subunit (SSU)
ribosomal RNA gene (Radajewski et al. 2000). Uhlik et al.
(2012) in an interesting study investigated naringenin,
caffeic acid and limonene-induced shifts in bacterial
community composition with their degradative capabilities
on long-term PCB-contaminated soil. They integrated py-
rosequencing of 16s rRNA gene—gene tag-encoded ampli-
cons and DNA-SIP to analyze and identify populations
actively involved in 4-chlorobiphenyl catabolism. Authors
concluded that out of three PSMs used, application of
naringin showed efficient degradation when compared to
control, and Hydrgenophaga, Terrimonas, Paucimonas and
Pseudorhodoferax were among the most dominant genera
identified. The second major improvement is the use of the
SSU rRNA molecule itself (RNA-SIP) (Manefield et al.
2002). Radajewski et al. (2000) enhanced the phylogenetic
resolution of SIP by demonstrating that stable isotope
labeled DNA could be isolated from mixed microbial
communities; since isotopic enrichment increases buoyant
density of DNA, subsequent density centrifugation in CsCl
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gradients can be used to separate ‘heavy’ (labeled) from
‘natural’ (unlabeled) DNA; finally, 16S rDNA clone
libraries are constructed from ‘heavy’ DNA and sequenced
to obtain the identity of organisms assimilating the ' C
labeled substrate used.

Casavant et al. (2003) used a gfp-labeled P. fluorescens
AS506 to detect low concentrations of toluene (0.2 mm) and
trichloroethylene in the rhizosphere and observed an
increased gfp expression in the root-colonizing biosensor
population when the plant rhizosphere was exposed to
toluene. Interestingly, they noted the presence of natural
inducers as 14 % more induced cells were observed in
uncontaminated rhizosphere soil than bulk soil. It was
further confirmed that promoter is induced by variety of
alkyl-substituted benzene derivatives and branched alkenes
(Singer et al. 2003).

Rhizospheric metabolomics, a similar application to
the ‘field application vector’ approach, was applied by
Narasimhan et al. (2003). These workers demonstrated
that during PCB degradation in rhizosphere of Arabi-
dopsis, phenylpropanoid-utilizing microbes are more
competitive and are able to grow at least 100-fold
better than their auxotrophic mutants on roots of plants
that are able to synthesize or overproduce phenyl-
propanoids, such as flavonoids. This finding further
supports the fact that plants remain the ultimate driv-
ing force behind recruitment of microbes within the
rhizosphere.

Biosensors are useful tools when carrying out envi-
ronmental risk assessments on polluted sites or for
monitoring the efficacy of a remediation strategy, due
to their ability to detect only the biologically relevant
(bio-available) fraction of the contaminant. Liu et al.
(2004) constructed three biosensor strains; P. fluores-
cens F113rifgfp, P. fluorescens F113rifPCBgfp and P.
fluorescens F113L::1180gfp designed to detect the bi-
availability and biodegradation of PCBs. As the
F113rifPCBgfp and F113L::1180gfp strains degraded
PCBs, they produced chlorinated benzoate end products
which in turn induced the expression of gfp. Therefore,
these strains could actively report on their own degra-
dation of PCBs. Use of biosensors strains describes the
application to monitor PCB biodegradation in different
PCB-contaminated soils and sediments. This approach
can be exploited in both soil bioremediation and plant
rhizoremediation. Some authors suggested that by
immobilizing the biosensor cells, ease of detection,
accuracy and reproducibility could be improved. There
exists a positive correlation between the PCB levels
within the samples and the percentage of fluorescing
biosensors cells when immobilized PCB-degrading
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biosensors (F113L::1180gfp and F113rifPCBgfp) were
introduced into PCB-contaminated soil and sludge.
Greater number of fluorescent cells is a clear cut indi-
cation of greater bioavailability of PCBs and their
degradation by the GM biosensors which in turn indi-
cated that the soil/sludge posed a greater risk to human
health. Demnerova et al. (2005) carried out PCB deg-
radation experiments using three plants species. Their
results supported previous existing plethora of data that
the number of natural PCB degraders on roots was at
least ten times higher than that in bulk soil. Gfp
expressing biosensor cells were easily detectable, and
they were in higher densities in soils planted with pea,
indicating increased PCB degradation activity compared
with unplanted soil. Authors stated that this study
demonstrated that biosensors could be used at two
important fronts, firstly, to evaluate a specific contam-
inated site for bioremediation potential, and secondly,
to monitor PCB degradation in real PCB-contaminated
soil.

Further, use of real-time PCR increases the probability
of accurately determining population sizes of PCB-
degrading microbes. Biosensor cell numbers detected by
gRT-PCR method is tenfold higher than the numbers
detected using the plate counting method. The high
sensitivity of real-time PCR which could detect cultur-
able, non-culturable inoculants together with dead inoc-
ulants (Cubero and Graham 2005). It was also
documented previously by Wang et al. (2004) that using
a qRT-PCR method, a tenfold higher level of the engi-
neered P. putida could be detected compared to the plate
counting method, during 2-chlorobenzoate degradation in
soil.

Genetic fingerprinting methods as denaturation gra-
dient gel electrophoresis (DGGE) and terminal restric-
tion fragmentation length polymorphism (T-RFLP) are
proven to be useful in determining spatial and temporal
changes in bacterial communities present (Anderson
et al. 2010).

Conclusion

This Host-microbe interaction specificity is a center of
muse and manipulations for researchers since eternity.
Plants are endowed with enormous potential and func-
tions since they evolved on earth. Xenobiotic com-
pounds degradation can be wunderstood as bipartite
phenomenon. Plants on one hand uptake, accumulate
and partially metabolize organic contaminants, and on
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the another hand, compounds produced by plants allow
survival of microorganisms even in poor soils, serve as
carbon and energy source, increase soil aeration and
can even induce the degradation pathways of vast
majority of xenobiotics in them. They influence the
composition of consortia of microorganisms in a man-
ner that positively favors them, in soil surrounding
roots and within rhizosphere. Thus, the choice of proper
plant species becomes crucial for addressing effective
cleaning of polluted sites. Again, to achieve a sub-
stantial degradation, the soil conditions have to be
manipulated artificially such as addition of various
amendments and surfactants, etc. to increase bioavail-
ability and mobility to ensure optimal composition and
population of microbial consortia by selecting right
plants and nutrients. An optimal cocktail of plant root
exudates, secondary metabolites, surfactants and carbon
source amendments coupled with appropriate localiza-
tion of potential degraders present as indigenous mic-
robiota can be constructed order to achieve complete
removal of contaminated sites.
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